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Abstract This paper discusses the control strategy for
energy management in railway transit network with way-
side (substation) supercapacitor (SC) energy storage sys-
tem (ESS). Firstly, the structure of the wayside energy
storage system is introduced. Secondly, the model of
energy storage system is built and the control strategy is
described. Thirdly, in order to estimate the required energy
storage system, a useful method is proposed to predict the
instantaneous regenerative energy magnitude which is
delivered to each substation. Finally, the ESS configuration
for each substation is determined. A simplified mathe-
matical model of the whole metro network is established
and the main features of the control strategy are developed.
Numerical simulations show the efficacy of suggested
control strategy and the energy saving obtained for railway
transit network.
Keywords Supercapacitor (SC), Energy storage system
(ESS), Regeneration failure, Control strategy, Railway
transit network
1 Introduction
Now, the clean energy and energy saving have become the
hot topics of social development. Urban mass transit has
attracted more and more attentions, due to its advantages of
environmental protection and energy saving. With the rapid
development of power electronics, regenerative braking
have been widely used in the railway transit network [1].
Regenerative braking energy can be absorbed by the other
train in some timing, the can further reduce energy con-
sumption and improver the energy-saving efficiency [2–4].
In PSCAD software environment a railway transit network
model is built in [5], regenerative current value is simulated
in each substation, and has deployed the supercapacitor (SC)
in accordance with the capacity and the economic evalua-
tion; In the Matlab environment urban rail traction power
supply is simulated and the capacity configuration and
energy saving are analyzed in [6]. In [7] and [8], through
applying the ESS, the electrical train have been as a useful
public transportation that their efficiencies can be improved.
However, ESS sizing and network modeling have not been
discussed. In [9], different mechanical and electrical tech-
niques have been discussed in order to improve the energy
efficiency in electrical railway systems. Some investigations
have been done about the advantages of the on-board ESS in
both electrically [10, 11] and diesel trains [12, 13]. Advan-
tages of using different ESS for both on-board and wayside
system have been discussed in [14], but the control algorithm
and equipment sizing have not been discussed. Quasi-static
backwards looking method has been used for simulation of
energy consumption of the train in [15]. As [16], stationary
ESS has been used to save the regenerative energy. Sta-
tionary ESS has been proposed for voltage regulation of
weak points in [17]. But, the metro network has not been
modeled. Maximum regenerative energy of each station
depends on the energy consumption of the auxiliary equip-
ment, resistive forces, traffic conditions, and energy
exchange between trains [2, 18].
In order to avoid regeneration failure and reduce energy
consumption in railway transit network. The power supply
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model is built and the control strategy for energy man-
agement in railway transit network with wayside SC is
presented.
The characteristic curves of the vehicle, substation and
SC are studied, and their relationship is analyzed. The new
control method for the energy storage system was proposed
based on the power distribution between the SC, vehicle
and the substation. Compared with [5], the new control
strategy and the model are dynamic and real time, the
simulation model is more comprehensive and detailed. This
strategy has a good effect in containing voltage fluctuation,
preventing the failure of regenerative braking. Simulation
and experimental results have showed the feasibility of the
method.
2 Characteristics of network and control strategy
Figure 1 shows the constitute of railway vehicle with
power supply, including ESS, power mains, discharge and
charge. From this figure, we know the flow direction of
current with charge and discharger, and know the character
of SC control curve. Motor control states can be divided
into three modes. When powering, the traction motor
absorbs energy from the feeder line, lead to the voltage
drop; when braking, the motor as generator and feeds
energy to the feeder, leading to voltage rise. The voltage
fluctuation significantly affect the characteristic of the train
running [19]. In this paper, the data of used for the study is
based on the real measurements of Beijing Metro Line 5
and is demonstrated in Fig. 2. The figure shows the details
of driving cycle between two stations. Figure 3 shows the
running character of the whole line. The maximum speed is
80 km/h during acceleration and the maximum accelera-
tion is 1 m/s2.
Fig. 1 Vehicle network traction characteristic
Fig. 2 Voltage fluctuation of DC system
tra
in
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Fig. 3 Sketch of a domestic metro line
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The railway transit network model includes trains, uni-
directional substations, ESS, and connecting lines, as
shown in Fig. 4. Substations are modeled as ideal DC
voltage sources. The connecting lines are modeled as
electric resistances. Since the trains are moving between
these stations, the resistance among the train, the starting
station and the next station is time variant. Therefore, for
each time point, these values was calculated as
R0 ¼ k  x tð Þ=1000 ð1Þ
R00 ¼ k  ðd  x tð ÞÞ=1000 ð2Þ
where R0 is the line resistance between the train and the last
station (X/km); R00 is the grid resistance between the train
and the next station (X/km); k is the resistive coefficient,
the value is set to 0.019 X/km; d is the distance between the
start and next stations; x(t) is the distance between the train
and start station. In simulation environment, the value of
resistors can change during the simulation. The network
model includes all 24 stations of the Line 5 as a sample.
2.1 Substation model
Traction substation is the uncontrolled rectifier, the
current is unidirectional [20]. The traction substation model
with SC is shown in Fig. 5, Line Rs is line impedance.
Switch S1 is closed when substation output current is
forward direction. Switch S1 is opened when substation
output current is negative. In order to model SC charged,
substation parallel connection a braking resistor. Switch S2
closed during Vsub C Uchar, analog SC charging. Switch S2
opened during Vsub B Uchar, analog SC stopping charge.
Through control the closed and open of S2, the remaining
energy flowing is controlled between SC with DC line
network. Line network voltage is uprised when emerging
renewable brake energy, when line network voltage under
Uchar, the energy is absorbed by adjacent train. When line
network voltage exceeded Uchar, some renewable energy is
absorbed by adjacent train, the remaining renewable energy
is absorbed by SC. Ir is renewable current when Isub is
negative, the remaining renewable power of substation is
Pr = Uout Ire, the remaining renewable energy is
Er = $Prdt. Pr and Er is an important factor for the SC
configuration.
2.2 Control strategy
In the wayside SC energy storage system (SESS) con-
trol, the charging and discharging currents are given
according to the changes of the feeder line voltage. When
grid network is high voltage, SC absorbs current; when low
voltage, SC releases energy to DC link. Not to consider the
weight and size restrictions of SC, The large capacity for
the SC can be chosen to stabilize the whole line network
voltage. Energy management of wayside SC system gives
more consideration to network. When the train is acceler-
ating, the energy system outputs energy to suppress the
voltage fluctuate of the pantograph voltage fall and
improve the acceleration characteristics. When train

















Fig. 5 Traction substation model with SC
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braking, the system absorbs braking energy for prevent the
voltage fluctuate of the pantograph and at the same time
preventing the regeneration failure, and improve the elec-
trical braking performance. Based on the power distribu-
tion curve between the SC and the substation, this paper
proposes a control strategy for the energy storage system,
as shown in Fig. 6.
Show as Fig. 6, Udc
* is given through the line current.
Indetail Udc
* is given through comparing the line current
with a reference line current. Through think about the logical
conditions, SC energy storage system can take actions
according to the energy management strategy designed.
A current loop is added and many benefits are gained.
Firstly, it can avoid unwanted inflow and outflow between
the SC and the feeder line. Secondly, it can decide the
voltage dynamic value and the static value. Thirdly, it can
decide the power distribution of the power between the
feeder line and the SC.
The control algorithm flow chart is shown in Fig. 7. In
the control strategy, when SOC \ 0.9, charge through
constant high power; when SOC = 0.9, reduce the charg-
ing power; when SOC = 1, stop charging during dis-
charging; when SOC [ 0.5, discharge through constant
high power; when 0.5 [ SOC [ 0.25, reduce the dis-


















































Line network current loop DC network voltage loop
SC current loop
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Fig. 6 Power distribution control strategy
SOC SOC SOC SOC
SOCSOCSOCSOC
Fig. 7 Control algorithm diagram of wayside SC storage system
Table 1 Parameters of simulation platform
Rate power 2,000 kW
DC-link voltage 1,500 V
Powering voltage action range 1,100-1,300 V
Braking voltage action range 1,600-1,800 V
Train gand-up 3M3T
Control mode VVVF inverter 1C2 M
Steel rail resistance 0.009 X/km
Pantograph resistance 0.015 X
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Through SOC loop control, SC SOC value is kept in the
range from 0.25 to 1.
3 Control simulation
3.1 Simulation parameters
For test the feasibility of the control strategy, a model of
substation installation SC is built by Matlab/Simulink
software. Through this model, the whole working condi-
tions of the system are considered. The model included
powering, coasting and braking conditions. Table 1 is the
parameters of simulation platform and Table 2 is the
parameters of the SC.
3.2 Simulation platform
The new railway transit network with SC included three
parts: urban rail vehicles; traction substation; SC energy
storage system (SESS); SESS model structure is shown in
Fig. 8. SESS includes three parts: input, output and simu-
lation operation. Simulation operation includes train trac-
tion computing, power flow calculation and SC energy
storage models.
This traction computing model includes route condition,
train parameter and run map message. The route condition
includes gradient and curve, i.e., substation parameters are
the load of train, auxiliary power, traction and braking
curve, run map provided station distribute message, run
and stop times of the train. Through the model, the speed,
the distance and the power can been obtained.
3.3 Simulation results
The variation of line currents and line voltage during the
whole operation was shows in figure 9. When the train is
accelerating, the DC line voltage drops. When the line
current exceeds the limit value and the voltage drops below
the action value 1,300 V, the SC releases energy to the line
network for reduce the line current and contain the voltage
drop at the pantograph. Finally, the DC link voltage
maintains at 1,200 V. When the vehicle is coasting, SC
energy storage system is in standby mode. When the
vehicle is braking, the DC line voltage rises. When the
Table 2 Parameters of SC
Cell Vmax = 2.5 V
Total capacity 48 F
Internal resistance 0.2X
Energy 5.1 kWh





























SESS SC Engery Storage Simulatior
SC control 
strategy
DC -RLS: DC -
Charge/discharge renewable power/energy
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Fig. 8 Simulation model


















Braking action point voltage
Traction action point voltage
Udc DC network voltage
Traction action voltage range
Iv Vehicle current Braking action voltage renge
Is bidirection DC/DC Port voltage
Il Line network current
Fig. 9 Line currents and line voltages of substation
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braking current exceeds the limit value and the line voltage
rises above the action value 1,700 V, the SC absorbs
regenerative braking current to contain the voltage rise at
the pantograph and prevent the regeneration failure.
4 Results of experiment
4.1 Experimental platform
Based on the laboratory conditions, a 3 kW SC experi-
mental platform is built. Fig. 10 shows the circuit diagram
of the experimental platform. The platform consists of
substation simulation system, load simulation system, and
SC energy storage system.
The substation simulation system converts 210 V AC to
300 V DC through the diode rectifier. 210 V AC is turned
into 380 V AC through an auto-regulator and a three-phase
isolation transformer (ensure the vehicle simulation system
and substation systems connecting to the grid at the same
time). Load simulation system is realized by a PWM
converter, whose current is fed back to the grid through
LCL filter. PWM converter uses grid voltage oriented
control method. The reference value Id is calculated
according to the characteristics of the load. When the
Id [ 0, the PWM converter operates in rectifier state; when
Id \ 0, the PWM converter operates in inverter state.
The SC bank is the product of Beijing Supreme Power
Systems Co. Ltd. Parameters are as follows: rate voltage
320 V, capacity 1.5 F and internal resistance 2.75 X. The
picture of experimental platform is shown in Fig. 11.
4.2 Experimental results
Figure 12 shows the simulation result of the pantograph



































Fig. 10 Block diagram of 3 kW SC platform
Fig. 11 Prototype of 3 kW SC platform
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that the pantograph voltage is restrained on the value of
1,750 V during renewable braking, the remaining renew-
able current of SC is the D-value of expecting renewable
current (red line) and grid current (green line). the ‘‘b’’
shown that the action is entering into coasting. At the same
time, only the SC can obtain the energy through DC supply
network and energy consumption is low. but other sub-
station is in the area of renewable brake and the pantograph
voltage would rise because of the shortage of renewable
load.
Figures 13–15 show the simulation results of different
departure intervals for railway transit network, these fig-
ures show the results for the current and voltage of
substation, and remaining renewable energy and power
when the DC supply network is running. Because the
design goal of SC is to absorb remaining renewable energy,
so the capacity of SC is decided by the biggest remaining
renewable energy and power is decided by the biggest
remaining power.
4.3 Analysis of train remaining renewable energy
and power
Through previous simulation results, the remaining
renewable energy and power can been obtained for dif-
ferent departure intervals. Figures 16–17 show that SC
needs to absorb the smaller energy and power when the
departure intervals are the shorter. At the same time,
capacity configuration not only consider the highest speed
but also need to consider multiple factors.
4.4 ESS configuration
The remaining renewable energy and the power can
been obtained through simulation results, using
BMOD0063P125 configuration capacity by series-parallel
combination. Two constraint conditions need to be con-
sidered when the configuration SC banks:
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Fig. 12 Voltges and currents in pantograph


































































(a) substation voltage and current of upline (b) upline remaining power and energy



























































(c) substation voltage and current of downline  (d) downline remaining power and energy
Fig. 13 Wayside SC simulation results with headway 270 s
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1) Because of SC self-characteristics that larger changes
internal resistance and voltage of charge and dis-
charge, this would impact the work efficiency of SC.
The available energy of SC is 25% of former when the
minimum discharge depth of SC is an half of the rated
voltage.





































































(a) substation voltage and current of upline (b) upline remaining power and energy































































(c) Substation voltage and current of downline (d) Downline remaining power and energy
Time (s)
Time (s)
Fig. 14 Wayside SC simulation results with headway 360 s



































































(a) substation voltage and current of upline (b) upline remaining power and energy



























































(c) substation voltage and current of downline (d) downline remaining power and energy
Time (s)
Time (s)Time (s)
Fig. 15 Wayside SC simulation results with headway 450 s
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2) Because of SC energy storage device and the supply
network of DC 1,500 V in parallel, the DC/DC
convertor work in boost state when SC discharges to
DC supply network, the boost circuit step-up ratio is
‘‘3’’ based on references, and at this time the circuit is
stable, so the minimum working voltage is 500 V
(1,500/3).
Through previous two constraint conditions, the series
parallel configuration results of different departure inter-
vals as shown in Table 3.
5 Conclusion
In this paper, the supply network and the vehicle of the
Beijing Metro Line 5 are modeled. Real data of metro line
network are obtained from metro office. An efficient con-
trol strategy is proposed to obtain the maximum instanta-
neous regenerative energy of each station. Compared with
other control strategy, the strategy has advantages of faster
execution speed and smaller error because the energy
storage device is in substation. Appropriate ESS configu-
rations are proposed for different departure intervals.
Finally, the simulation model and the experimental plat-
form are set up. Simulation and experimental results verify
that the control strategy has a significant effect in sup-
pressing the voltage fluctuation and preventing the regen-
eration failure.
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750*1,500 500*875 500*1,000 625*1,250
Weight
(kg)
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Volume
(m3)
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